Supercontinuum (SC) sources are novel laser-based sources that generate a broad, white-light continuum in single-mode photonic crystal fibres. Currently, up to 6 W of optical power is available, spanning the spectral range from 460 nm to 2400 nm. Advances in these sources promise polarized radiant flux with expanded spectral coverage down to 380 nm. We evaluate the use of SC sources for fundamental optical metrological applications.
Introduction
Absolute cryogenic radiometers (ACRs), primary standard instruments at most national metrology laboratories for measurements of radiant flux, typically operate at power levels of 20 µW or higher. While the use of lamp-monochromator systems with ACRs has been demonstrated, in general they do not provide sufficient radiant flux even at moderate spectral resolution. This is due to the finite etendue in monochromator systems and the fact that extended area sources (e.g. lamps) that emit over 4π steradians are being coupled into the systems. For example, the lamp-monochromator system in the Spectral Comparator Facility (SCF) at NIST has a radiant flux density of approximately 100 nW nm −1 . As a consequence, lasershistorically fixed-frequency lasers and more recently tunable laser systems-are used with ACRs to derive spectral radiant power responsivity scales.
Lamp-monochromator systems such as the ones available in NIST's SCF facility also disseminate spectral radiant power responsivity scales. However, these systems lack the spectral radiant flux required for directly transferring irradiance or radiance responsivity scales. Often, the properties of optical components in radiance and irradiance meters are measured individually as a function of wavelength, and then the instrument is calibrated by measuring a broad-band irradiance standard, i.e. lamps (irradiance meters) or lamp-illuminated plaques or integrating spheres (radiance meters).
Ideally, the spectral responsivity of irradiance and radiance meters would be measured at the system level. 4 Author to whom any correspondence should be addressed. To address this shortcoming, calibration facilities based on tunable lasers coupled into integrating spheres [1] have been developed at several national metrology laboratories to disseminate spectral irradiance and radiance responsivity scales. These facilities function extremely well, offering calibrations with low uncertainties [2] [3] [4] , but tend to be slow and labour-intensive.
Supercontinuum (SC) sources are laser sources with broad, continuous emission over extended spectral ranges [5] . Figure 1 shows the relative spectral power distribution of a SC source. In these sources, white light is generated in a single-mode photonic crystal fibre. With up to 6 W of emitted optical power, they have spectral radiant flux densities up to 5 mW nm −1 . Because the light is generated in a single-mode optical fibre, etendue issues are minimized. Even after beam shaping, the magnified image of the 5 µm core of the optical fibre output at the input to a monochromator should be on the order of tens of micrometres so that all the radiation can be effectively coupled into the monochromator with a small entrance slit. Consequently, these sources have the potential for high power and high spectral resolution measurements for optical metrology applications. Because the light is emitted from a single mode, optical fibre, it is straightforward to control the beam geometry of the emitted flux, for example to collimate the light.
Combining these broad-band sources with multi-spectral detector systems such as spectrographs would enable broad spectral characterizations to be done in seconds, offering the potential for substantial time saving in several radiometric calibration services, including measurements of filter transmittance and of the bidirectional reflectance distribution function (BRDF).
Metrological applications
In this work, we evaluate the potential for supercontinuum (SC) sources, coupled to monochromators or used with multi-spectral detector systems, for three basic radiometric metrology applications: determination of irradiance responsivity, measurements of filter transmittance and measurements of BRDF.
Two source characteristics ultimately determine the range of possible metrological applications: the spectral power density and the stability.
SC sources with minimum spectral power densities of 5 mW nm −1 are now commercially available. This is approximately four orders of magnitude more power than available in the NIST SCF, opening up the possibility of irradiance responsivity, and perhaps radiance responsivity calibrations, using an SC source-monochromator system.
The second critical feature is the source stability, as this will ultimately determine the uncertainty floor for metrological applications. Figure 2 shows the standard deviation of 100 measurements of the SC source output, measured with a multichannel spectroradiometer, an ASD, Inc. FieldSpec3 5 with spectral coverage matched to the SC output. The standard deviation is less than 2% from 460 nm to 2300 nm, with the exception of the peak near 1064 nm. The increased standard deviation correlates with the sharp feature seen in figure 1 near 1064 nm, which is the wavelength of the pump laser. Because noise in the pump laser is the dominant noise in the radiant flux from the source, stabilizing the pump by providing feedback based on the source output may decrease the overall noise performance of these types of sources; this source had no feedback control. The increase in the standard deviation below 460 nm is due to lack of radiant flux from the source, which has a spectral width from 460 nm to 2400 nm.
The standard deviation of the mean of those scans is shown in figure 3 . The results show that the ultimate uncertainty in metrological applications using these types of sources can be less than 0.1% over most of the spectral range of the source. Using a multi-channel detector, each individual scan takes under a second to acquire, and the 100 scans took under 30 s to acquire.
Finally, to test the Type A uncertainty we could achieve we used a monochromator, a polarizer, a laser power controller and silicon signal and monitor photodiodes. Figure 4 shows 30 s running averages of the relative signal with this configuration (at 550 nm). This yields a Type A uncertainty of 0.01% (k = 1).
Irradiance responsivity
Here the SC source is used with a monochromator and diffuser to generate a uniform irradiance for detector responsivity measurements. The collimated output of a SC source is selectively filtered by mirrors that pass the shortwave infrared (SWIR) and near infrared (NIR) wavelengths before being 5 Certain commercial equipment, instruments or materials are identified in this paper to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose. expanded and then focussed with an f /# of 4 into the entrance slit of a monochromator. The beam spot is smaller than the slit, which was set at 100 µm, so that the exit slit width effectively sets the bandwidth (spectral bandpass of 2.6 nm mm −1 ). Light exiting the monochromator is shaped by a spherical and cylindrical lens to illuminate a spot on an engineered diffuser (RPC Photonics Inc.; Rochester, NY) of approximately 1 cm diameter. A beam splitter directs some of the monochromator output into a monitor detector before the light reaches the diffuser. The engineered diffuser scatters the light into a cone with a full angle of approximately 10
• onto either a filter radiometer or reference trap detector, which are on a translation stage positioned 50 cm away.
The results achieved with this non-optimized system (set for a 2.6 nm bandpass) are summarized in figures 5 and 6 which show the maximum irradiance and irradiance uniformity at the detector reference plane, respectively. The irradiance is sufficiently uniform to keep positioning errors well below the 0.2% level.
The filter radiometer has a circular 3.5 mm diameter precision aperture with a diffuser placed behind the aperture, followed by a 10 nm bandwidth interference filter in front of a windowed silicon photodiode. The diffuser minimizes responsivity spectral structure from interference effects that are resolvable with the laser-based SIRCUS facility [6] .
The trap detector, calibrated for spectral power responsivity at the SIRCUS facility against an ACR, has a precision aperture of approximately 5 mm diameter-larger than that of the filter radiometer. This could lead to a slightly different average irradiance illuminating each detector, although a correction and uncertainty estimate can be made by high spatial resolution mapping of the irradiance uniformity with the smaller aperture radiometer.
The irradiance responsivity of the filter radiometer measured with both the SC-monochromator source and the NIST SIRCUS facility is shown in figures 7 and 8 on a linear and logarithmic scale, respectively. The current responsivity is approximately 5% less than the responsivity measured at SIRCUS in 2002 in-band. For the out-of-band measurements the current calibrations track 24% below the earlier calibration down to the 10 −5 level. Finally, a repeatability of 0.2% near the peak response was measured by monitoring the standard deviation of three calibrations performed over the course of a week. It is likely that the differences between the current measurements and the 2002 SIRCUS measurements reflect ageing of the filter radiometer.
Filter transmittance
The SC source output was reflected off an alignment mirror, through a filter, and into an integrating sphere attached to an Avantes spectroradiometer. The spectroradiometer has a bandpass of 0.1 nm; its slit scatter function is shown in figure 9 . To correct for fluctuations in the incident beam power over the course of the measurements, a beam splitter directed part of the incident beam into an integrating sphere whose radiance was monitored with an ASD Inc. FieldSpec3 spectroradiometer. The alignment mirror transmitted the infrared radiation to reduce heating of the filter.
The spectral power measured by the Avantes spectroradiometer, alternating several times between filter in, in , and filter out, out , was corrected by the monitor data collected with the ASD spectroradiometer. The transmittance, T , is the ratio of the corrected quantities, in / out .
Two filters, one narrow-band filter with a full-width halfmaximum (FWHM) bandwidth of 1 nm and a second filter with a FWHM bandpass of 10 nm were measured. The results are compared with laser-based measurements (SIRCUS results) in figures 10 and 11. Because of the larger spectral bandwidth, the SC source measurements do not show the interference fringes measured with the tunable laser system. We interpret the shoulder in the out-of-band measurements of the 10 nm filter with the SC source to be due to scattered light from the single grating detector system. We expect to significantly reduce the magnitude of the scattered light by developing a stray light correction matrix for the spectroradiometer [7] . The primary sources of uncertainty are the stability of the SC laser, the performance of the Avantes spectrometer (i.e. the statistical uncertainties associated with measuring the laser power with and without the filter), and the temperature of the filter. High total incident power could be a problem and care must be taken to avoid sample heating.
An out-of-band dynamic range of 10 −4 was demonstrated; 10 −5 may be possible with stray light correction and sufficient averaging. This measurement setup is most useful if large spectral coverage or many different experimental configurations (e.g. incident angles) are required. Otherwise, using the SC source in conventional monochromator mode, as with the irradiance responsivity experiment, eliminates possible heating effects and may provide a larger dynamic range-at the expense of a much longer acquisition time (e.g. 30 min versus 30 s).
Bidirectional reflectance distribution function
Reflectance measurements of a pressed polytetrafluoroethylene (PTFE) sample were made with the source fixed at 0
• incident angle and with a detector collecting the reflected light over a range of angles. The detector was held on an arm attached to a rotation stage over which the PTFE sample was positioned. Two alignment lasers, one at 0
• incident angle and one at 45
• incident angle, are used to align the sample at the centre of rotation. A laser behind the rotation stage, aligned co-linearly with the incident beam, is used to align the signal detector. Irises are used to mark the incident beam path and then to align the SC source. A 4 W SC source was used for these measurements although a 500 mW SC source would have provided adequate signal to noise.
One fibre-coupled ASD spectroradiometer is used to measure both the reflected and incident flux levels; a second is used as a monitor detector. To avoid saturation, the signal ASD was fitted with a diffuser head to reduce flux levels. Separate heads were needed for measuring the incident and reflected light to account for the large difference in flux signal levels. The signal ASD was calibrated for absolute spectral power response independently with each head. Vignetting in the heads caused a spectral calibration error; data were consequently normalized to nominal BRDF values at −45
• . Scans were acquired with θ (the angle of the reflected light from the sample normal) ranging from −80
Wavelength / nm
• to −10 • in 5
• steps. A full scan took approximately 15 min; three scans were typically averaged. The spectral reflectance factor for the measured sample is shown in figure 12 for θ = −45
• ; the full measured 2D reflectance factor is shown in figure 13 .
While there is an error in the absolute measurements, the principle of the experimental measurement approach remains valid. The Type A measurement uncertainty in the NIST Spectral Tri-function Automated Reference Reflectometer (STARR) facility is the dominant uncertainty component for all measurements, except at high angles [8] . With the SC source/multi-channel detector configuration, the Type A uncertainty component for the reflected signal is less than 0.1% over most of the spectral range. With a 0.1% source stability the total Type A uncertainty approaches that of the STARR facility. Note that the SC/multi-channel detector is able to measure the full 2D BRDF from −80
• to −10 • and from 460 nm to 2200 nm in approximately the same time it takes the STARR facility to make the same measurement at a single wavelength. Thus, a measurement at the <1% level, sufficient for many applications, should be possible in much less time than it takes the current facility to make a 0.2% measurement. Expanded spectral coverage is also possible-with no increase in measurement time-with improved detector optics (past 2200 nm) and improved SC source spectral distribution. Additionally, the high spectral density of the data could be very advantageous when measuring samples with complex BRDF, e.g. metallic coating surfaces [9] .
Future research
The encouraging demonstrations of the proof-of-principle applications of SC sources for basic metrological applications point to several future directions of research to ascertain the feasibility of upgrading NIST radiometric calibration facilities to include the new types of sources, including:
1. Extend Zong's stray light correction algorithm [7] to monochromators and evaluate the dynamic range limit for out-of-band irradiance responsivity calibrations. 2. Evaluate the uncertainty in irradiance responsivity calibration of photometers and colorimeters. 3. Evaluate the uncertainty budget for BRDF measurements. 4. Evaluate the uncertainties when a SC source is used with an ACR for derivation of the fundamental spectral radiant power responsivity scale. 5. Evaluate SC-monochromator sources for use with pyroelectric detectors for simplified scale extension to 2.5 µm. 6. Evaluate the potential for use in spectral radiance responsivity calibrations.
Based on the final uncertainties achievable in radiometric calibrations using SC sources and multi-channel detectors, NIST calibration service facilities may be upgraded. However, before these new sources can be fully exploited, several improvements are needed, including:
1. Extended spectral output into the UV region; 2. Polarization-preserving fibre output;
3. Separating visible and NIR spectral regions using a dichroic beamsplitter; 4. Feedback for active power stabilization to reduce noise in the output beam; and 5. All-reflective collimator to reduce beam divergence in the SWIR.
With the exception of the extension of spectral coverage into the UV, all of the listed desired improvements are currently available or will be available shortly in commercial systems.
